Water is a trace gas of interest for plasma-based medical applications. We use a two-temperature hybrid global model to simulate a chemically complex, bounded, He/H 2 O atmospheric pressure discharge, including 43 species with clusters up to H 19 O + 9 . The discharge is embedded in a larger volume, in which the trace gas fraction is controlled, leading to depletion of water within the discharge and diffusive flows of reaction products to the walls. For a planar discharge with a 1 cm electrode radius and a 0.5 mm gap, driven at 13.56 MHz, we determine the depletion and diffusion effects and the α to γ transition, over a range of rf currents (100-1600 A m −2 ) and external H 2 O concentrations (500-10 000 ppm). The transition from the low power α-mode to the high power γ -mode is accompanied by a collapse of the bulk electron temperature, an increase in the density and a decrease in the sheath width. At the highest external H 2 O concentration studied, there are no low current (α-mode) solutions because the sheath widths fill the device. The α-mode is recovered at larger gaps (e.g., 1 mm) or higher frequencies (e.g., 27.12 MHz). The higher mass cluster densities decrease rapidly with increasing gas temperature. Each simulation takes about two minutes on a medium size laptop computer, allowing exploration of a large input parameter space.
Introduction
Atmospheric pressure radio-frequency (rf) micro-discharges have applications in bio-medical and materials processing. Therefore they have been studied both experimentally [1] [2] [3] [4] [5] and by numerical modelling, using global models for their computational efficiency [6] [7] [8] [9] , or one-dimensional (1D) fluid or kinetic particle-in-cell (PIC) simulations [10] [11] [12] [13] [14] [15] [16] [17] , which are more accurate, but the increased complexity leads to increased computation times and limits the parameter range that can be studied. A recent review of atmospheric pressure plasma modelling and experiments has additional and extensive references [18] .
In previous work [19, 20] , we developed a fast hybrid analytical-numerical global model that included sheath effects. In the model, the net ion density n i (total positive ion density minus total negative ion density) is assumed to be uniform over the gap width l and the electron density n e is uniform with n e = n i over a cloud of width d = l − s m , where s m is the maximum value of the oscillating sheath width. An analytical solution of this current-driven homogeneous discharge yields the space-and time-varying electric field E(x, t) and the oscillating sheath width s(t). An ohmic power balance is then used to find the time-varying electron temperature T e (t) on the rf timescale, with averages over an rf period yielding rate coefficients used in the particle balance equations, which are numerically integrated to find the global species densities. The model results were compared to 1D fluid calculations [15, 16] for atmospheric He/0.1%N 2 and He/0.5%O 2 discharges with a 1 mm discharge gap and rf driving frequency f = 13.56 MHz over a relatively low power range S tot = 0.33-3.3 W cm −2 . The neutral and charged particle densities agreed within a factor of two but became less accurate at the higher powers.
At high powers, the sheath electric fields can be large enough to produce avalanche multiplication of electrons created either by ion-impact secondary emission from the electrodes, or by metastable electron-ion pair production within the sheaths. These processes produce a higher temperature 'hot' electron group that was neglected in the previous hybrid global model [19, 20] . Other model inaccuracies arise from spatial variations. For example, the high fields in the sheath regions lead to higher metastable densities in the sheaths.
In a recent paper [21] , we performed 1D PIC simulations of an electropositive capacitive atmospheric pressure He discharge with trace amounts of N 2 , over a wide range of input currents and frequencies. A simplified reaction set was used with only one kind of positive ion (N + 2 ) and a single Penning ionization process (He * + N 2 → He + e + N + 2 ). Both timeaveraged as well as space-and time-varying PIC diagnostics provided a detailed description of the physics. We used the results to guide the development of an expanded hybrid global model applicable to the higher power regimes. The expanded model, which includes sheath multiplication, has two classes of electrons: higher temperature hot electrons associated with the sheaths, and cooler warm electrons associated with the bulk. A separate Child law (CL) sheath calculation determines the ion wall loss flux w . Reasonable agreement was obtained between the model and the PIC simulation results for a 1 mm gap atmospheric He/0.1%N 2 discharge with applied frequencies of 27.12 and 13.56 MHz. For driving currents varied from 400 to 6000 A m −2 , the discharge conditions varied from low power, with essentially no sheath multiplication, to high power, in which electron-ion pair production is dominated by sheath multiplication. As the frequency in the model was raised from 13.56 to 40.68 MHz, the transition occurs at increasingly higher J , as is also seen experimentally in a pure helium discharge [3] . The PIC simulations supplied information that is important for understanding global model accuracy and its limitations, particularly the effects of spatial variations.
Another trace gas of some importance is water. This is particularly interesting as the water may arise from contact of a biomedical plasma with a subject who is being treated. An experiment investigating He/H 2 O mixtures has been performed [22] and analysed with a global model [8] . The chemistry of water is quite complicated, giving rise to many species and reactions. In addition, the discharge is weakly electronegative. The authors compared their extensive reaction set, over two ranges of water fraction, to two levels of simplification [8] . Their global model, however, used various approximations that may lead to significant errors, as will be seen in comparison to our analysis in this paper.
Building on our previous development of a hybrid analytic-numerical global model, which explicitly considers the effect of sheaths and hot electron multiplication effects, we further expand the model to analyse configurations of the type in [22] , adding the following new physics:
1. In previous versions of the hybrid model, we used specified values of the trace gases. In the experiment, the discharge is embedded in a large chamber, in which the fraction of water is controlled. However, within the discharge itself, the water can be depleted and is spatially varying. The amount of depletion and the spatial variation depends on the strength of the discharge current, the external trace gas density, and on the boundaries. The boundary conditions require a diffusive analysis, in addition to the volume sources and sinks. 2. Similarly, reaction products flow to the axial and radial walls by diffusive processes, and are lost diffusively to the side walls and with some reaction probability to the axial end walls. For almost all species, the diffusion losses are rate limiting and are typically much smaller than the usual gas kinetic losses used in global models, which can considerably alter the discharge chemistry. 3. In a He/H 2 O discharge, there are numerous types of Penning ionization processes and numerous types of positive ions lost to the walls. The significant processes must be incorporated into the particle and energy balance relations for the warm and hot electron components. 4. The single mobility-limited N + 2 ion flux to the walls in the He/N 2 discharge, previously treated [21] , must be modified to account for the multiple ion species and the electronegative character of the He/H 2 O discharge.
In section 2.1, a brief summary is given of the choice of species, reactions, and volume and surface rate coefficients. Section 2.2 describes the volume and surface physics and chemistry in the various models that we employ. In section 3.1, we compare results of the various models to the previous work [8] at a fixed electron density and external water concentration. In section 3.2, we use the two-temperature hybrid model at 13.56 MHz to examine the discharge equilibrium over a range of external water concentrations from 500 to 10 000 ppm, and over a wide range of discharge currents, examining the water depletion in the discharge, the buildup of non-reactive species such as H 2 and O 2 , the limiting effects of a finite sheath width, and the α-γ transition. In section 3.3, we briefly examine frequency and gap width variations, and in section 3.4, we examine the gas temperature sensitivity of the water ion clusters. In section 4, we present the conclusions and further discussion.
Model

Species, reactions, and rate coefficients
We will first compare the results of our increasingly sophisticated models using the simplified M2 reaction set of Liu et al [8] , which contains 40 species and 128 reactions, to their results using their full reaction set of 46 To find the time-and space-averaged hot electron temperature and rate coefficients, we also use the same Bolsig+ calculation to determine the metastable excitation rate coefficient K hm , the mean electron energy E, and the first Townsend coefficient α as a function of E/n g , with n g the gas density. The metastable rate coefficient K hm , which appears in the hot electron balance, is fit to a power law function of E/n g over the range of 10-300 Td (1 Td = 10
q , and is similarly fit to an exponential function of T h = 2 3 E, K hm = A eff exp(−C eff /T h ). Equating these two forms and using a space-and time-averaged electric field in the high field sheath region allows the determination of the average hot electron temperature T h . The details of the calculation are given in [21] . Table C2 gives the surface reactions, diffusion coefficients D, mobilities µ, and reaction probabilities γ used in our model. The reaction probabilities are the same as in [8] . The gastemperature dependent diffusion coefficients are determined using the procedure given in [26] . The mobilities are evaluated at E/n g ≈ 20 Td from the data in [27] where available, and, where unavailable, are rescaled from a near-mass equivalent ion according to the theoretical scaling [28] that µ ∝ 1/ √ m R , with m R being the reduced mass of the ion-neutral pair.
Volume and surface model physics
A detailed description of the two-temperature hybrid model, with electron multiplication in the sheath, is given in [21] . In the model, the rf current density and frequency are specified as the independent electrical quantities. (a) The net ion density n i is uniform over the gap width l, except when determining the wall flux in (f). (b) The electron density is equal to n i over a 'cloud' width d = l − s m , and the maximum sheath width in the homogeneous model is s m = 2J /(eωn e ) with ω as the radian frequency. (c) There are two electron populations: a uniform warm component (density n e , temperature T e ), produced in the low-field region of the discharge within the oscillating electron cloud, and a small hot component (temperature T h > T e ), produced in the high-field sheath regions exterior to the oscillating cloud. The hot component density n h (averaged over the width of the cloud) is assumed (and found) to be much smaller than n e . All secondary electrons and half the Penning ionization occurs in the high field sheath region [21] . (d) The fields and sheath oscillation are determined using the homogeneous model [19] . (e) The metastable density is approximated to be zero within the bulk plasma, is equal to n m0 at the sheath edges (x = s m and x = l − s m ), and falls linearly to zero at the walls. The average metastable density (over the gap width l) is then n m = n m0 · (s m /l). (f) The ion flux w lost to a wall is determined from a constant mobility rf CL that includes the triangular ion generation profile within the sheath; a collisional Bohm criterion [29] is used to join the sheath to the plasma. (g) The oscillating temperature T e (t) of the warm component is determined by equating the ohmic power to the collisional losses, using the Maxwellian elastic and inelastic rate coefficients for the warm electrons [19] . (h) The oscillating hot component temperature T h (t) is found from a kinetic calculation [23] , using the space-and timevarying sheath electric field. (i) The time-average rate coefficients for the warm and hot activated electron reactions are found by averaging over the oscillating temperatures. The electron-activated reaction rates from the two classes of electrons are summed to determine the total reaction rates used in the particle balance equations. (j) Multiplication factors M γ for ionization by secondary electrons and M P for Penning ionization in the sheath are calculated using the homogeneous model expressions for the time-varying sheath motion and the space-and timevarying electric fields.
Hybrid model surface physics.
We use the theory described in appendix A1 for the diffusion of H 2 O from the exterior region into the reaction region across the cylindrical side wall, and for the diffusion of reaction products to the side and end walls. The flow of H 2 O into the reaction region can be written as dn
where the rate coefficient (A14) is
with or de-excitation processes. Although γ a may be small, the ratelimiting step for loss to the end walls is usually not reactionlimited, but diffusion-limited. The axial diffusive loss of a reactive species is written as
wheren a is the average density, and, from (A22) and (A20),
with
andv a = (8kT g /π M a ) 1/2 as the mean speed. For γ a 12D a /v a l, the first term in the parentheses in (5) is much larger than the second term, and the diffusive loss is rate-limiting; the loss does not depend on the value of γ a . As described in appendix A2, this condition is met for all reactive species in the simulations except O 2 (a).
The neutral radial diffusive losses for both reactive and non-reactive species to the cylindrical wall are determined in appendix A3 for a net generation having the H 2 O radial profile:
where for the reactive species, from (A33)
and for the non-reactive species, from (A34),
For the positive ion losses, we use a mobility-limited ion loss flux [15, 16] , + = µ + n +w E w , with n +w and E w as the ion density and time-average electric field at the axial end wal, respectively. The ion density at the wall is obtained from a CL calculation, as described in appendix B. For each kind of ion, the positive ion loss is ,
with n +,tot as the average total positive ion density.
Comparison models.
We have used three additional models for comparisons, in the calculations of section 3.1: a single-temperature hybrid model and two global models. In global models, the time-average electron power absorbed is specified as the independent electrical quantity, and the particle and energy balances are solved to determine the discharge equilibrium. There is no specified driving frequency and no calculation of the underlying discharge dynamics. This means that there is no calculation of the sheath width, electric field, discharge voltage, rf current and ion power. There is no way to determine a mobility-driven ion flux in these global models.
1. The single-temperature hybrid model is the same as the two-temperature hybrid model, except that the generation of hot electrons in the high-field sheath regions is neglected. This model is useful within the α-mode, at low rf currents, where the electron multiplication is small, but it cannot capture the higher current (higher power) regime, including the α-γ transition physics [21] . 2. The global diffusion model has a single electron temperature and the sheath width is zero. It uses the same diffusion fluxes for H 2 O and the reaction products as the hybrid models. Because the gas pressure is high, a gas kinetic axial ion loss flux + = n +v+ /4 is used, yielding an ion loss rate coefficient K + =v + /2l. 3. The global model in [8] also has a single electron temperature and a zero sheath width. There is no neutral diffusion. The H 2 O density within the discharge region is taken to be the fixed external density n ext , and the neutral fluxes lost to the end and side walls are taken to be a = γ a n ava /4 and a = n ava /4, respectively. The positive ion flux to the end wall is taken to be + = n + u B , where u B = (eT e /M + ) 1/2 is the low pressure (collisionless) Bohm speed. One should note that this speed is significantly higher than a collisional Bohm speed at atmospheric pressures [29] .
A summary of the volume and surface loss physics for the four models used in the present work is given in table 1.
Results
The simulations are done using the Matlab stiff integrator ode15s and are started with low densities of all dissociated and charged species, and the simulation time is t f = 0.5 s, about twice the time for all the densities in the system to reach a steady state. A typical simulation takes less than two minutes on a medium-speed laptop computer. As a check on the integration accuracy, we determined the electron density by two methods: (1) by direct integration of the electron balance equation; (2) by Figure 1 . Principal neutral densities (a) and ion densities (b), at n e = 10 17 m −3 for a 1 cm radius 0.5 mm gap cylindrical helium discharge, with 1000 ppm external H 2 O concentration, driven at 13.56 MHz, for five calculations: reference [8] (1st bars), the global M2 set (2nd bars), the global diffusion model (3rd bars), the single temperature hybrid model (4th bars), and the two-temperature hybrid model (5th bars).
summing the heavy particle charge densities. The two methods agree to within 1% for all results in this work.
Comparison to previous global results
In this subsection, simulations are done using the four different discharge models indicated in table 1, and the results are compared to those in [8] at 1000 ppm H 2 O and an electron density of 10 17 m −3 . For all four simulations, the discharge gap is 0.5 mm, the electrode radius is 1 cm, and the gas temperature is 300 K. The time-average power (in the global models) or the rf current density (in the hybrid models) is chosen to obtain the required electron density. A driving frequency of 13.56 MHz is used in the single-and two-temperature hybrid models, with a secondary emission coefficient, based on [16] , of 0.25. Figures 1(a) and (b) give bar graphs with five bars for each selected species density. The first two bars for each species compare the [8] results using the full reaction set to our calculations with the reduced M2 set. We see a close correspondence, particularly for the dominant products, indicating that the M2 set captures most of the important reactions. For the neutral species shown in figure 1(a) , the larger differences occur for the lower density species, and may do so for a variety of reasons. Probably the most important effect is that small differences in production and loss of the higher density species can result in larger fractional differences in species with much lower density. For the positive ion species shown in figure 1(b) , we also see a close correspondence, except for some high mass clusters. The volume generation and loss reactions for these clusters have highly gas-temperature dependent rate coefficients. Although the simulation in [8] was stated to be performed at a gas temperature of 300 K, we find that their data best fits the M2 simulation better at a temperature of 350 K. In section 3.4, we further explore the variations of cluster formation with gas temperature.
The addition of neutral H 2 O depletion, reaction product diffusion, and reduced positive ion losses in the global model, shown as the third bar in the figures, strongly affects the densities of most dominant species. For example, the dominant non-reactive species H 2 , O 2 and H 2 O 2 , resulting from the dissociation of H 2 O and subsequent wall reactions, become orders of magnitude larger. These effects can be further enhanced in the metastable states, e.g., O 2 (a), and for the low mass positive ions. Water depletion effects alone are minimal under these low power conditions (≈0.5 W cm −2 ), but become more important at the higher powers, as will be seen in the next subsection. The addition of the sheath physics in the fourth bar, and both the sheath and hot electron multiplication in the fifth bar, do not make very significant changes in the densities. The reason is that the sheath widths do not dominate the bulk plasma, and at these low powers, the multiplication effects are small. In other operating ranges, explored below, important differences may arise.
Variations with discharge current and external water concentration
In this subsection, simulations are done using the twotemperature hybrid model, which incorporates the sheath multiplication phenomena. We use the same configuration as in section 3.1, with the extended M2 reaction model, including the higher mass clusters H 15 The discharge current J is varied from 100 to 1600 A m −2 , with four external H 2 O concentrations: 500, 1000, 3000 and 10 000 ppm. The lowest concentration is chosen such that the depletion of H 2 O at the higher rf currents leads to an average H 2 O concentration within the validity of the M2 model (30 ppm). The 500-10 000 range is probably appropriate for actual applications.
In figure 2 we plot important discharge quantities versus J , with H 2 O external concentration as a parameter. In figure 2(a) we see the decay of the average water density with increasing current, as the water is depleted by the interactions, observing that for the highest current at 500 ppm, the average concentration has been reduced by a factor of ten. This effect is reduced as the external water concentration increases, as is physically reasonable. The main consequence of the depletion is the buildup of non-reactive neutral species, as seen in figure 1 .
The maxima of the oscillating hot and warm temperatures are plotted in figure 2(b) (the time-average temperatures are half of the maximum values). The rising temperature of the hot sheath electrons becomes sufficiently large that it begins to take over the ionization from the higher density warm electron species, causing the temperature of that species to decline. This signals the transition to the γ -mode, as was also observed in previous work [21] for the He/0.1%N 2 discharge. Figure 2 (c) gives the normalized sheath widths s m /l. The sheath widths are fairly large in the simulation, and at 10 000 ppm the sheaths become too large to sustain the discharge, demonstrating that finite sheath widths can significantly limit operating regimes in atmospheric pressure discharges. This phenomenon is not captured in the usual global models, in which the sheath width is essentially taken to be zero [20] . For the lower concentrations in the figure, we see the α-γ transition, i.e., the nearly constant sheath width in the α-mode shrinks at the onset of the γ -mode. These results can be understood from the homogenous model. From the time-average electron power balance and the oscillating sheath width, one obtains [20] 
where ζ is the ratio of total (elastic + inelastic) to elastic electron energy losses. Equation (11) predicts that the sheath width within the α-mode increases with increasing H 2 O density, and that the nearly constant sheath width in the α-mode shrinks at the onset of the transition, due to the collapse of the warm T e , as is seen in the figure. The inelastic losses increase with the H 2 O concentration, with the simulations yielding (at 400 A m −2 ) ζ = 1.2, 1.28, and 1.56 for external concentrations of 500, 1000, and 3000 ppm, respectively. A required condition to have an equilibrium solution is that the electron cloud width d = l −s m be greater than zero; i.e., s m < l. (The actual condition used in the calculations is d > 0.15 l.) This restrictive condition is encountered at 10 000 ppm, as seen in figure 2(c) , where there is no equilibrium solution within the α-mode.
The rf voltage V rf in figure 2(d) also shows the α-γ transition. The homogeneous model capacitive sheath gives the result
Figure 2(d) shows that V rf rises linearly with J when s m is constant, flattens, and then falls slowly as s m decreases faster than J increases, in agreement with (12) . Near the maximum seen in the figure, J is a double-valued function of V rf , indicating that a voltage-driven discharge can exhibit hysteresis and sudden jumps from the α to the γ mode, and vice versa, as the voltage is varied. This behaviour, also seen in fluid simulations of atmospheric pressure discharges [15] , is characteristic of the α-γ transition [30, 31] .
The space-and time-averaged factors M γ and M P for secondary and Penning multiplication are plotted in figure 2(e) . Note that M γ − 1 and M P − 1 are the number of additional electron-ion pairs created in the high-field sheath region by an emitted secondary electron and a high-field Penning ionization, respectively. When the multiplication is significant, we see that M γ is significantly larger than M P . This is due, in part, to the assumed triangular profile of the metastable density within the sheath. Because the profile falls to zero at the electrode, there are few Penning pairs created within the high-field region near the electrode, while all the secondaries, emitted at the electrode surface, see the high fields.
Before the onset of the multiplication, the larger proportion of the total ionization is due to Penning ionization, rather than direct ionization by the warm electrons. This reverses with the onset of multiplication, producing a higher temperature hot species, as illustrated in figure 2(f ) . In the α-mode, M γ ≈ M P ≈ 1, such that the hot electron creation by multiplication is negligible, and the Penning pair production is about a factor of 5-10 larger than the direct ionization. However, in the γ -mode, when the multiplication is significant, the direct ionization becomes 2-4 times larger than the Penning; the direct production from the hot secondaries and their multiplication products becomes the dominant process. We have confirmed that this is true even if the secondary emission coefficient is reduced to a significantly smaller value; e.g., γ se = 0.05.
In figure 2 (g), we give the electron power S e and the total power (electrons + ions) S tot . In the α-mode, for all but the lowest rf currents (J 200 A m −2 ), the homogeneous model electron power is [21] 
where ν m is the electron-neutral collision frequency. Since T e and the electron cloud width d are constant in the α-mode, S e scales linearly with J , as seen in the figure. For the mobilitydominated flow of ions across the sheath, the ion power is [21,
whereμ is a density-weighted average ion mobility. Hence S i scales more strongly with J than S e , becoming the dominant dissipation at the higher currents. higher than the powers dissipated in the discharge, due to high external losses in the matching networks and external circuits used, a feature commonly seen in atmospheric pressure rf plasmas [15, page 76] .) Finally, in figure 2(h), we give the electronegativity n −,tot /n e , the ratio of total negative ion to electron density. Except at the lowest currents, the electronegativities are relatively small, and they decrease with increasing current. A simple global negative ion balance, equating an average dissociative attachment rate to an average positive-negative ion recombination rate, gives the relation n −,tot /n e ≈ K att n g /K rec n +,tot .
This indicates that the decrease in electronegativity with increasing current (increasing n +,tot ) seen in the figure is a consequence of the negative ion balance. In the simulations, the two most important negative ion species densities (not shown in figure 3) In figure 3 at 1000 ppm external H 2 O density, we plot n e , the hot component density n h , the positive ion and cluster densities, and the neutral densities, versus J . The electron density, shown along with the ion densities in figures 3(a) and (b), increases roughly linearly with J in the α-mode, in agreement with the electron power balance scaling [21] 
as T e is roughly constant in the α-mode. The second term on the right is important only at the lowest currents and gives a lower value than the linear scaling with J , seen in the figure at 100 A m −2 . After the α-γ transition, the figure shows a fasterthan-linear scaling of n e with J , again in accordance with (15) , as T e collapses with increasing J .
The density n h of the hot component shown in figure 3 (a) (dashed line) is much smaller than n e and is roughly constant, decreasing slightly from approximately 2 × 10 15 m −3 at 100 A m −2 to 1 × 10 15 m −3 at 1600 A m −2 . We can understand the near-constancy of n h from the hot electron and positive ion balance relations, as follows: In the α-mode, half of the Penning ionization goes to producing hot electrons, which are lost producing metastables
where the j -sum is over the neutral species participating in the Penning processes. The positive ions created by all the Penning processes are lost to the walls
Eliminating the Penning sum from these equations and solving for n h , we obtain
Both K hm and +k are functions of the rf current density J . We noted in section 2.1 that K hm is well-fitted to a power law function of the electric field E ∝ J , K hm = B eff (E/n g ) q , with q = 1.944. This implies the scaling that K hm ∝ J 1.944 . The ion flux scales as +k ∝ J 5/6 n 13/12 +s from (B4). As n +s ≈ n e ∝ J , we obtain the scaling +k ∝ J 1.917 . Because K hm and +k scale with J in nearly the same way, we see from (18) that the hot component density n h is roughly a constant, independent of J . In the transition to the γ -mode, an additional hot electron and ion generation due to secondary and Penning multiplication appears in the left hand sides of (16) and (17) respectively, leading to a decrease in n h , as seen in figure 3(a) .
Within the α-mode, the positive ion cluster H 11 O + 5 dominates the total positive ion density, with little contribution from the light ions, demonstrating the importance of the cluster dynamics in He/H 2 O discharges. However, at the highest currents within the γ -mode, we see that the lighter ions dominate, particularly HeH + , as the discharge becomes highly dissociated.
Reflecting the drop in n H 2 O /n ext that was seen in figures 2(a), 3(c) shows that the H 2 O density is nearly the external density n ext at 100 A m −2 and gradually drops by nearly a factor of ten at 1600 A m −2 , as n e , and hence the dissociation processes increase. The dissociation at the highest currents within the γ -mode produces copious densities of H 2 and O 2 , exceeding the H 2 O density by factors of 2-4. The dominant biologically-reactive species produced is H 2 O 2 , and, to a lesser extent, OH and O 2 (a). There is a smaller production of O-atoms, and very little O 3 is produced (not shown).
Sheath width and minimum current variations with gap size and frequency
We noted in figure 2 that at 10 000 ppm H 2 O there are no solutions for lower currents because the sheath widths become too large. We expect from the scaling in (11) that for larger gaps or higher frequencies, the range of J will extend to lower values. We explore this in figure 4 which plots s m at 10 000 ppm for the three different cases of 13.56 MHz at 0.5 mm gap, 13.56 MHz at 1 mm gap, and 27.12 MHz at 0.5 cm gap. As shown in the figure, the α mode is recovered by increasing either the gap width or the frequency. The scaling of s m with frequency is seen to obey the relation (11) .
Because the first Townsend coefficient α, which determines the multiplication factors M γ and M P , depends strongly (exponentially) on the electric field near the wall, the condition for the α-γ transition and collapse of the warm T e occurs at a particular value of the dc field E w = J /ω 0 . For the previous He/0.1%N 2 simulations, we obtained E w ≈ 1 × 10 6 V m −1 at the transition [21] . Figure 4 for He/H 2 O at 13.56 MHz and 10 000 ppm indicates that the transition occurs at J ≈ 800 A m −2 , which gives the same transition field as in the He/N 2 simulations. The 27.12 MHz simulation also shows the expected frequency scaling of J ∝ ω at the transition.
In addition to the sheath width, the electron power balance sets a lower limit on the rf current density for an equilibrium solution to exist; the minimum current density is found to be [19] The minimum current is proportional to the frequency. 
Cluster size variations with gas temperature
The rate coefficients in table C1 for the volume creation and loss of the high-mass clusters are strongly gas-temperature dependent. In figure 5 we plot a set of 9 bar graphs for the regular cluster densities; each set has four densities at 275, 300, 325, and 350 K, which is a reasonable range for biomedical applications. The calculations are done using the extended M2 reaction set at an external H 2 O concentration of 1000 ppm for l = 0.5 mm, f = 13.56 MHz and a fixed J = 300 A m −2 , corresponding to a power of approximately 0.43 W cm −2 . We observe a buildup of water clusters at all temperatures, reaching a maximum density for H 11 O + 5 . The notable difference is that the higher mass clusters maintain significant densities at the coolest gas temperatures, while dropping off more rapidly at higher T g .
The gas heating can limit the maximum power used in applications. To estimate the heating, we assume that a power per unit volume p tot is deposited uniformly into helium gas at atmospheric pressure within two parallel plates, each held at a fixed temperature T w , and separated by a gap width l. The heat flow equation
has the parabolic solution where κ T ≈ 0.156 W/m-K is the thermal conductivity of the helium gas and T g (z) is the gas temperature. Averaging over the parabolic profile gives T g = T w + T g , with an average temperature rise T g = p tot l 2 /12κ T . Putting p tot = S tot /l, and for a 0.5 mm gap, we obtain the practical formula T g ≈ 2.67 S tot , with S tot in W cm −2 . For the typical α-mode powers of 0.1-1 W cm −2 , the average temperature rise is small. At the highest power of 20 W cm −2 , after the transition to the γ -mode, the average temperature rise is significant, T g ∼ 50 K.
Conclusions and discussion
Most modelling of the complex chemistry of atmospheric pressure plasmas has been done with simple global models that do not consider diffusive flows, sheaths, or the α-γ transition. In this work, we extend a previous hybrid global model of atmospheric pressure noble gas/trace gas rf capacitive discharges that includes the important sheath and transition effects [19] [20] [21] to bounded discharges and to more complex chemistries, by adding new physics of (1) trace gas depletion due to diffusion into and reactions within the discharge, (2) reaction product diffusion to the discharge boundaries, and (3) multiple Penning reactions and multiple positive ion wall losses. The complete model determines the limits to operation in the low current α-mode and the electron multiplication effects at higher currents, both arising from finite-size sheaths. The complete model has two classes of electrons: a low density class of hot electrons associated with the high-field oscillating sheath regions, and a high density class of warm electrons associated with the bulk, allowing exploration of the transition from a low power, bulk-dominated α-mode to a high power, sheath-dominated γ -mode. The discharge dynamics on the rf timescale is determined using a currentdriven homogeneous model in which the net ion density (total positive ion density minus total negative ion density) is uniform over a gap width l and the electron density is uniform over an oscillating cloud of width d = l − s m , where s m is the maximum value of the oscillating sheath width. An analytical solution of the homogeneous model determines the spaceand time-varying electric fields and the oscillating sheath width, and an analytic ohmic power balance determines the time-varying warm electron temperature on the rf timescale. A Child law sheath calculation determines the positive ion wall flux. Analytic averages over an rf period determine the rate coefficients used in the particle balance equations, which are then numerically integrated to find the global species densities. The combination of the analytic solutions of the dynamics and power balance, and the numerical solutions of the particle balances, gives a fast solution of the discharge equilibrium, typically of order two minutes on a mediumspeed laptop. The model physics is described in detail in section 2.2. We apply the model to determine the discharge equilibrium properties in a bounded cylindrical He/H 2 O discharge with a 0.5 mm gap and 1 cm radius electrodes, at an rf frequency of 13.56 MHz. The simulations include 40-43 species. We compare the two-temperature hybrid model, as well as less complete hybrid and global models, with a previous global calculation that used a larger reaction set [8] at an external H 2 O concentration of 1000 ppm. There is reasonable agreement using their model assumptions. Significant differences appear if the H 2 O depletion and reaction product diffusive losses are incorporated into the model. We use the model, including additional clusters up to H 19 O + 9 , to determine the equilibrium over a wide range of rf currents and for external H 2 O concentrations varying from 500 to 10 000 ppm. At high currents, the average H 2 O concentration within the discharge is found to be depleted by as much as a factor of ten. Within the α-mode, the positive ion cluster H 11 O + 5 dominates the total positive ion density, demonstrating the importance of the cluster dynamics in He/H 2 O discharges. As in previous calculations of a He/N 2 system with simpler chemistry [21] , the α-γ transition is found to occur for a dc electric field at the electrode of E w = J /ω 0 ≈ 1 × 10 6 V m −1 (E w /n g ≈ 40 Td). At 10 000 ppm, the sheath becomes too large to sustain the discharge in the α-mode. At larger gaps (1 mm) or higher frequencies (27.12 MHz), this limitation is overcome, in agreement with the sheath width scaling in (11) . The high mass H 2 O cluster reactions are strongly sensitive to the gas temperature T g . Varying T g from 275 to 350 K, we find that the higher mass clusters maintain significant densities only at the cooler temperatures.
The M2 model that we use in this paper did not include H The species of primary concern did not change significantly even at high currents. Consequently we did not change our many calculations in the paper to include H + 3 .
